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The crystal structure of ipratropium bromide monohydrate has been solved and refined using synchro-
tron X-ray powder diffraction data and optimized using density functional techniques. Ipratropium
bromide monohydrate crystallizes in the space group P21/c (#14) with a = 8.21420(7) Å, b =
10.54617(13) Å, c = 24.0761(39) Å, β = 99.9063(7) °, V = 2054.574(22) Å3, and Z = 4. Both hydro-
gen atoms of the water molecule act as donors to the bromide cation, forming a ring with the
graph set R2,4(8). The hydroxyl group also acts as a donor to Br. Several C–H⋯Br hydrogen
bonds are present. The water molecule acts as an acceptor in two C–H⋯O hydrogen bonds from
methyl groups. The ketone acts as an acceptor in C–H⋯O hydrogen bonds from methyl groups, a
methylene group, and a methyne group. The hydroxyl group acts as an acceptor in a C–H⋯O hydro-
gen bond from a phenyl carbon atom. The powder pattern is included in the Powder Diffraction File™
as entry 00-066-1611. © 2020 International Centre for Diffraction Data.
[doi:10.1017/S0885715620000020]
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I. INTRODUCTION
Ipratropium bromide (brand names include: Atrovent,
Apovent, Ipraxa, Aerovent, and Rinatec) is a drug which
relieves bronchial spasms. The IUPAC name of ipratropium
bromide monohydrate (CAS Registry number 66985-17-9)
is (8-methyl-8-propan-2-yl-8-azoniabicyclo[3.2.1]octan-3-yl)
3-hydroxy-2-phenylpropanoate bromide monohydrate. A two-
dimensional molecular diagram for the ipratropium bromide
cation is shown in Figure 1. It is on the World Health
Organization’s List of Essential Medicines, a listing of
the most important medications needed in a basic health sys-
tem. Ipratropium bromide is the bromide salt form of
Ipratropium. Ipratropium bromide actively binds to choliner-
gic receptors in the bronchi, preventing constriction of the air-
way. This leads to the dilation of the airways, which induces
bronchodilation.
Low-precision powder patterns of ipratropium bromide
monohydrate are present in the Powder Diffraction File as
entries 00-043-1754 (Bernstein and Zevin, 1992) and
00-058-1427 (Abdine et al., 2003). Powder patterns of native
and spray-dried ipratropium bromide are reported in Corrigan
et al. (2006).
This work was carried out as part of a project (Kaduk
et al., 2014) to determine the crystal structures of large-
volume commercial pharmaceuticals, and include high-quality
powder diffraction data for these pharmaceuticals in the
Powder Diffraction File (Gates-Rector and Blanton, 2019).
II. EXPERIMENTAL
Ipratropium bromide monohydrate was a commercial
reagent, purchased from the United States Pharmacopeial
Convention (USP) (Lot #R022A0), and was used as-received.
The white powder was packed into a 1.5-mm-diameter Kapton
capillary and rotated during the measurement at ∼50 Hz. The
powder pattern was measured at 295 K at beamline 11-BM
(Lee et al., 2008; Wang et al., 2008) of the Advanced
Photon Source at the Argonne National Laboratory using a
wavelength of 0.413342 Å from 0.5 to 50° 2θ with a step
size of 0.001° and a counting time of 0.1 s step−1.
The pattern was indexed on a primitive monoclinic unit
cell with a = 8.21411 Å, b = 10.54608 Å, c = 24.07614 Å,
β = 99.905°, V = 2054.548 Å3, and Z = 4 using N-TREOR
(Altomare et al., 2013). The analysis of the systematic
absences using EXPO2014 (Altomare et al., 2013) suggested
that the space group was P21/c, which was confirmed by the
successful solution and refinement of the structure. A reduced
cell search in the Cambridge Structural Database (Groom
et al., 2016) with the chemistry C, H, N, O, and Br only
yielded no hits. An ipratropium cation was built using
Spartan ‘18 (Wavefunction, 2018) and converted into a .
mol2 file using OpenBabel (O’Boyle et al., 2011). The struc-
ture was solved by Monte Carlo simulated annealing tech-
niques using FOX (Favre-Nicolin and Černý, 2002), using
an ipratropium cation, and Br and O atom fragments.
Rietveld refinement was carried out using GSAS-II (Toby
and Von Dreele, 2013). Only the 1.8–25.0° portion of the pat-
tern was included in the refinement (dmin = 0.955 Å). All
non-H bond distances and angles were subjected to restraints,
based on a Mercury/Mogul Geometry Check (Bruno et al.,
a)Author to whom correspondence should be addressed. Electronic mail:
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2004; Sykes et al., 2011) of the molecule. The results were
exported to a csv file. The Mogul average and standard devia-
tion for each quantity were used as the restraint parameters and
were incorporated using the new feature Restraints/Edit
Restraints/Add MOGUL Restraints, which reads the bond dis-
tance and angle restraints from the csv file. The restraints con-
tributed 2.2% to the final χ2. The hydrogen atoms were
included in calculated positions, which were recalculated dur-
ing the refinement using the Materials Studio (Dassault
Systèmes, 2018). A common Uiso was refined for the carbon
Figure 1. Molecular structure of the ipratropium cation.
Figure 2. Rietveld plot for the refinement of ipratropium bromide monohydrate. The blue crosses represent the observed data points, and the green line is the
calculated pattern. The cyan curve is the normalized error plot. The vertical scale has been multiplied by a factor of 10× for 2θ >10.5°.
Figure 3. Comparison of the synchrotron pattern of this study to the two existing PDF entries (00-043-1754 and 00058-1427) for ipratropium bromide
monohydrate.
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atoms of the phenyl ring, another Uiso for the atoms of the
cage, and the third Uiso for the intermediate part of the mole-
cule. We refined the bromine atom anisotropically. The Uiso
for each hydrogen atom was constrained to be 1.3× that of
the heavy atom to which it is attached. The background was
modeled using a 3-term shifted Chebyshev polynomial.
The final refinement of 105 variables using 23 203 obser-
vations and 64 restraints yielded the residuals Rwp = 0.1171
and GOF = 2.35. The largest peak (0.40 Å from Br55) and
hole (1.07 Å from Br55) in the difference Fourier map were
0.67 and −0.41(9) eÅ−3. The Rietveld plot is included in
Figure 2. The largest errors in the fit are in the shapes of
some of the strong low angle peaks.
A density functional geometry optimization was carried
out using CRYSTAL14 (Dovesi et al., 2014). The basis sets
for the H, C, N, and O atoms were those of Gatti et al.
(1994), and the basis set for Br was that of Peintinger et al.
(2013). The calculation was run on eight 2.1 GHz Xeon
cores (each with 6 GB RAM) of a 304-core Dell Linux cluster
at IIT, using eight k-points and the B3LYP functional, and
took ∼110 h.
III. RESULTS AND DISCUSSION
The powder pattern of ipratropium bromide monohydrate
measured in this study is similar enough to PDF entries
00-043-1754 and 00-058-1427 to conclude that they represent
the same material (Figure 3). Our pattern is most similar to
the ipratropium bromide monohydrate starting material of
Corrigan et al. (2006) and less similar to their spray-dried
materials (Figure 4).
The refined atom coordinates of ipratropium bromide
monohydrate and the coordinates from the density functional
theory (DFT) optimization are reported in the CIFs. The
root-mean-square (rms) Cartesian displacement of the non-H
atoms in the Rietveld-refined and DFT-optimized structures
Figure 4. Comparison of the ipratropium bromide monohydrate powder pattern of this study to those reported in Corrigan et al. (2006). Figure 1(c) is the
ipratropium bromide monohydrate starting material, while Figures 1(a) and 1(b) are patterns of spray-dried materials.
Figure 5. Comparison of the Rietveld-refined (red) and VASP-optimized (blue) structures of ipratropium bromide monohydrate. The rms Cartesian displacement
is 0.075 Å.
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is 0.075 Å (Figure 5), and the maximum displacement is
0.208 Å. The excellent agreement between the refined and
optimized structures provides evidence that the experimental
structure is correct (van de Streek and Neumann, 2014).
This discussion concentrates on the CRYSTAL-optimized
structure. The asymmetric unit (with the atom numbering) is
illustrated in Figure 6, and the crystal structure is presented
in Figure 7. The crystal structure consists of layers parallel
to the ab-plane. The cation–anion and hydrogen-bonding
interactions occur within the layer, and between the layers
are van der Waals interactions.
All of the bond distances and bond angles, and most of the
torsion angles fall within the normal ranges indicated by a
Mercury/Mogul Geometry Check (Macrae et al., 2008). The
Figure 6. Asymmetric unit of ipratropium bromide monohydrate, with the atom numbering. The atoms are represented by 50% probability spheroids/ellipsoids.
Figure 7. Crystal structure of ipratropium bromide monohydrate, viewed down the a-axis.
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O17–C14–C12–C19 torsion angle of 178° is flagged as
unusual; it is part of a minor distribution of trans angles in a
major population of gauche torsions. The O20–C19–C12–
C14 and O47–C19–C12–C14 torsions are also flagged as
unusual; these are both part of a minor population in wider dis-
tributions. All three of these torsion angles involve rotation of
the hydroxymethylphenyl portion of the molecule with respect
to the rest of the cation. The conformation of the cation is
unusual but not unprecedented.
Quantum chemical geometry optimization (DFT/B3LYP/
6-31G*/water) using Spartan ‘18 (Wavefunction, 2018) indi-
cated that the observed conformation of the ipratropium cation
is 1.2 kcal mol−1 higher in energy than the local minimum.
The geometry differences are small and span the whole mole-
cule; the cation in the solid state is essentially in a low-energy
molecular conformation. Molecular mechanics conforma-
tional analysis indicated that the minimum-energy conforma-
tion has an O20–C19–C12–C5 torsion angle of −83.7°,
compared to 109.5° in the solid-state structure. The difference
indicates that intermolecular interactions are significant in
determining the solid-state conformation of the cation.
The analysis of the contributions to the total crystal energy
using the Forcite module of Materials Studio (Dassault
Systèmes, 2018) suggests that angle distortion terms are domi-
nant in the intramolecular deformation energy and that bond
and torsion terms are also significant, as might be expected
for a bicyclic ring system. The intermolecular energy is domi-
nated by electrostatic attractions, which in this force-field-based
analysis include hydrogen bonds. The hydrogen bonds are
better analyzed using the results of the DFT calculation.
Hydrogen bonds are significant in the crystal structure
(Table I). Both hydrogen atoms of the water molecule act as
donors to the bromide cation, forming a ring with the graph
set R2,4(8) (Etter, 1990; Bernstein et al., 1995; Shields
et al., 2000). The hydroxyl group O17–H18 also acts as a
donor to Br55. The methyl groups C39 and C43, the methy-
lene group C31, and the methyne group C37 act as donors
in C–H⋯Br hydrogen bonds. Several other weaker C–
H⋯Br interactions may also be present. The water molecule
O56 acts as an acceptor in two C–H⋯O hydrogen bonds
from the methyl groups C43 and C51. The ketone O47 acts
as an acceptor in C–H⋯O hydrogen bonds from the methyl
groups C33 and C39, the methylene group C31, and the
methyne group C21 (which is intramolecular). The hydroxyl
group O17 acts as an acceptor in a C–H⋯O hydrogen bond
from the phenyl carbon C3.
The volume enclosed by the Hirshfeld surface (Figure 8;
Hirshfeld, 1977; Turner, et al., 2017) is 505.97 Å3, 98.51% of
one-fourth the unit cell volume. The molecules are, thus, not
tightly packed. All of the significant close contacts (red in
Figure 8) involve the hydrogen bonds. The volume/non-H
atom is relatively large, at 19.7 Å3, reflecting the large bro-
mide anion.
The Bravais–Friedel–Donnay–Harker (Bravais, 1866;
Friedel, 1907; Donnay and Harker, 1937) morphology sug-
gests that we might expect platy morphology for ipratropium
bromide monohydrate, with {002} as the principal faces.
A texture model was not necessary, indicating that preferred
orientation was not significant in this rotated capillary speci-
men. The powder pattern of ipratropium bromide monohy-
drate from this synchrotron data set is included in the
Powder Diffraction File 00-066-1611.
DEPOSITED DATA
The Crystallographic Information Framework (CIF) files
containing the results of the Rietveld refinement (including
the raw data) and the DFT geometry optimization were
TABLE I. Hydrogen bonds (CRYSTAL14) in ipratropium bromide monohydrate.
H-bond D-H (Å) H⋯A (Å) D⋯A (Å) D-H⋯A (°) Overlap (e)
O56–H58⋯Br55 0.976 2.508 3.481 174.9 0.026
O56–H57⋯Br55 0.976 2.429 3.395 170.3 0.026
O17–H18⋯Br55 0.977 2.434 3.395 167.6 0.030
C39–H40⋯Br55 1.093 2.901 3.908 153.3 0.010
C43–H46⋯Br55 1.093 3.205 4.272 165.5 0.010
C31–H54⋯Br55 1.093 2.866 3.796 143.0 0.013
C37–H38⋯Br55 1.087 2.781 3.746 147.8 0.012
C43–H45⋯O56 1.094 2.645 3.725 169.2 0.021
C51–H52⋯O56 1.765 2.765 3.782 155.0 0.011
C33–H35⋯O47 1.085 2.273 3.298 156.7 0.021
C39–H42⋯O47 1.093 2.659 3.750 176.0 0.013
C31–H32⋯O47 1.094 2.347 3.366 154.3 0.024
C21–H22⋯O47 1.090 2.448a 2.707 91.6 0.010
C3–H11⋯O17 1.087 2.774 3.718 145.0 0.015
aIntramolecular.
Figure 8. Hirshfeld surface of ipratropium bromide monohydrate.
Intermolecular contacts longer than the sums of the van der Waals radii are
colored blue, and contacts shorter than the sums of the radii are colored red.
Contacts equal to the sums of radii are white.
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deposited with the ICDD. The data can be requested at info@
icdd.com.
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